In this paper, the changes of surface morphology, microstructure, hardness and corrosion resistance of industrial pure zirconium before and after surface modification by high current pulsed electron beam were discussed. The microstructure evolution and surface morphologies of the samples were characterized by using X-ray diffraction (XRD), optical microscopy (OM), scanning electron microscopy (SEM). The experimental results show that sample by high current pulsed electron beam treatment surface melting, martensitic phase transformation occurred, and volcanic crater morphology and fine microstructure in the remelted layer surface; with the increase of number of pulses, after processing the microhardness of the samples also with the increase, 15-pulsed sample microhardness than the original sample increased by 30.9%. Corrosion resistance of samples was studied with the impedance diagram and polarization curve. The electrochemical results show that corrosion resistance of samples by high current pulsed electron beam treatment presents different degrees of change, the 5-pulsed sample in 1 mol HNO 3 solution corrosion of the best, and 15-pulsed sample corrosion resistance is even lower than the original sample. Grain refinement, martensite transformation, dislocation and deformation twins are the main reasons for improving the micro hardness and corrosion resistance of the samples.
Introduction
Commercially pure zirconium is composed of 99.2% -99.9% zirconium + hafnium. It has been widely used in severely corrosive environments as structural material because of its excellent corrosion resistance. Zirconium is an excellent structural material for nuclear reactor, nuclear fuel package materials, strong corrosion resistant materials, biomedical materials and new functional materials [1] [2] [3] . At present, most of zirconium materials used in water cooled nuclear reactors, the second major application areas for the chemical processing industry.
High current pulse electron beam (HCPEB) is a new type of highly efficient material surface treatment method, which has the advantages of high energy utilization rate, controllable process, no pollution, etc.. In the strong flow pulse electron beam irradiation process, the surface of the substrate can reach very high energy density (10 8 -10 9 W/cm 2 ) in a very short period of time, resulting in a high temperature melting of the surface heating and evaporation, followed by rapid cooling [4] [5] . Through this condensation process, the metal surface will produce a dynamic stress region to make its surface modification, in this process, the material surface will appear hundreds of microns deep crater. After irradiation, a large number of fine grains and nano structure can be obtained, and the phase transition and structural changes can also occur. Finally, the mechanical properties and corrosion resistance can be improved effectively. Due to the condition of metal zirconium in the application process is more severe, it is necessary to put forward more strict requirements on the safety, reliability and economy of structural materials. Therefore, further improve the mechanical properties of zirconium metal and corrosion resistance and prolong the service life, reduce maintenance costs, has become an important issue, and electron beam surface modification technology plays an important role in promoting. The purpose of this experiment is to study the influence of pulse electron beam treatment on the surface morphology, microstructure, micro hardness and corrosion resistance of zirconium [6] [7] .
Experimental Procedures
This experiment uses the Zr-1 type industrial pure zirconium. The chemical composition of the material sees Table 1 .
The electric spark wire cutting diameter with 15 mm thickness is 2 mm sample, sand will be polished specimen surface, polished to a mirror and the sample is placed in the acetone solution cleaning, which is then placed in the MMLAB-HOPE-I high current pulsed electron beam device for irradiation treatment, experimental parameters: electron beam energy of 20 keV, 4 J/cm 2 energy density, pulse time interval for 30 seconds, target distance is 140 mm, vacuum 6.0 × 10 −3 Pa, pulse number respectively 5 times, 15
times. The sample surface morphology after pulse treatment was observed by the super depth of field microscopy of VHX-600 and scanning electron microscope (SEM) of AS-3400; with Shimadzu D-6000 type X-ray diffraction analysis processing after the specimen surface phase structure (Cu target, scanning range 20 -90 degrees); the 
Experimental Results and Analysis

XRD Analysis
As is shown in the Figure 1 , the structure of pure zirconium phase is changed obviously before and after electron beam treatment. According to the 2 sin d θ λ = , 15 pulses sample and 5 pulses sample was increased than raw material point of view, can get d becomes smaller, which can derive that grain size increases, the grains can be refined.
To compare 5 pulses sample and 15 pulses sample of diffraction peak width at half height, 15 pulses of half high width become larger, according to Scherrer formula
, indicating that the 15 pulses sample grain more refinement. Due to the component for pure zirconium, diffraction peaks are just corresponding a hexagonal phase, but the combination of electron beam treatment after the surface morphology and found that appeared in the alpha phase, which is due to electron beam rapid heating and cooling solid solution transformation of the cubic crystal, electron beam processing makes the material surface layer temperature above 850˚C, will change the body centered cubic beta phase, and with the rapid increase in temperature, martensitic 
As substrate 5pulses 15pulses transformation, transformation to alpha phase. At the same time, after the electron beam treatment, (101) (110) (100) the intensity of the crystal surface is decreased, and the intensity of the diffraction peak becomes lower. The possible reasons are as follows:
1) The electron beam treatment is generally resolidified along the direction of the thermal gradient; 2) Martensitic transformation can also cause the change of the six square phase distribution; 3) At the same time, the diffraction peak becomes wider, and the angle of the diffraction peak shifts to the right, which indicates that the electron beam pulse processing makes the grain refinement [8] [9] [10]. Figure 2 shows the optical morphologies of Zr-1 samples after HCPEB irradiation with different pulses. From the figure can be clearly observed typical crater morphology. After electron beam bombardment, the surface of the specimen first began to melt and internal melting, the volume of rapidly expanding, thus leading to surface similar to the eruption of the volcano. Eventually lead to producing crater shaped crater. And material surface apparent wave morphology, which is due to the electron beam treatment surface melting and solidification, Comparison of 1 and 2 can also find that the surface of the sample is more smooth after the 15 pulse treatment, with the increase of number of pulses, inevitable meeting so that the electron beam bombardment is more uniform, inject more energy, the surface liquefaction is more uniform, eventually leading to the increase of surface roughness [11] . 
OM Morphology Analysis
SEM Morphology Analysis
Respectively, compared Figure 3 (a, c) and Figure 3 (b, d) two figures, a certain fold morphologies appears on the 5-pulsed sample surface, and the direction is not fixed. In the figure did not see the emergence of volcanic craters, however, through the optical microscopy photos can be seen a certain number of volcanic craters. The wrinkles on the surface of the sample after the 15 pulse treatment were flat compared with the samples treated with 5 pulses. The appearance of the fold is due to the direction of the electron beam and the heat flux in the same direction, and the final solidification morphology is also similar to a directional solidification [12] [13] .
According to the scanning electron microscope (SEM) can be seen in figure, with the increase of number of pulses, the folds of the sample surface will tends to decrease. This is because with the increase in the number of pulses, the impact of the electron beam on the sample surface more uniform, the energy distribution is more uniform, so that the surface smooth.
The cross section morphology of the sample before and after electron beam treatment is shown in Figure 4 Compared with the original specimen, after treatment of the specimen cross-section under the scanning electron microscope showed three different regions: white remelting layer, solid phase transition layer of a lamellar martensite, heat affected zone. The solid phase transition layer is a part of the heat affected zone. It is worth noting that the thickness of the middle layer increases with the increase of the number of pulses. In the process of electron beam treatment, the heat in the surface layer will be diffused in the surface [14] . If the temperature is lower than the remelting layer, it is not enough to reach the melting point, which will greatly inhibit the process of martensite transformation in the process of electron beam treatment. At the same time, with the increase of the number of pulses, the subsurface of the sample to accumulate a large amount of heat, and the deeper place. In this case, with the increase of the number of pulses, the depth of the solid phase transition layer of martensite will increase. Figure 5 shows a different number pulses surface processing under different load hardness comparison chart. By comparison, we can see, after pulsed electron beam treatment, hardness under different load is compared, compared with that before the treatment has increased. From the bar chart can be seen loading is 50 g, 15 pulses sample surface hardness is improved greatly, compared to the substrate increased by 30.9%, and 5 pulses sample only than that of the substrate increased 16.5%; while the load is 100 g, 150 g, 200 g, 5 pulses sample and 15 pulses sample are compared to the substrate improved a lot and the improvement of roughly the same degree. Figure 6 for the sample under the load of 50 g different pulse number of section hardness distribution figure and the cross-sectional microhardness is complex fluctuations in the trend, under the surface of hundreds of microns range appeared increased the microhardness, 15 times pulse increased the hardness of the sample than 5 times pulse of the specimen, when the depth reaches a certain degree of hardness distribution of large fluctuations, which is specimens due to the electron beam processing, surface melting in the process of thermal shock wave formation and spread to a deeper region and heat affected zone, resulting in material surface deformation and work hardening effect. So in comparison, under the 50 g load, the hardness of the sample after the 15 pulse processing is greater, the effect is better. Remelting layer of grain refinement and martensitic phase transformation strengthening and deformation twins can improve the surface micro hardness materials; on the other hand, with the increase of number of pulses, a large number of deformation twins resulting, these are main factors to improve the microhardness. Figure 7 shows the EIS of Zr-1 samples in 1 mol HNO 3 before and after HCPEB irradiation. Figure 7 (a) displays the relationship between impedance magnitude |Z| and frequency f, and the impedance magnitude of different frequency can be read out directly.
Hardness Analysis
Corrosion Resistance Analysis
It can be clearly seen from the figure that the impedance value at different frequencies.
The high-frequency region of the figure shows the electrolyte impedance between the sample and the reference electrode. The impedance of the region is independent of the frequency, and the low frequency region is the polarization resistance of the sample.
But at the low frequency limit, the impedance is attributed to the polarization resistance of the sample in the electrolyte [15] . The corresponding curves in low frequency region (10 −1 Hz) show clearly that the polarization impedance values of the samples after electron beam treatment showed different degrees of change. Especially for the 5-pulsed sample, the polarization impedance value at the place of 0.1 Hz has increased by nearly 1000 times to the 15-pulsed sample, and larger than the original sample impedance value. Figure 7(b) shows the relationship between phase angle theta and frequency f, from the figure can be seen in the low frequency region 5 times pulse phase angle of the sample maximum is close to 90 degrees, showing obvious a near capacitive behavior, at this time, the surface of the pulsed sample is in a passive state in HNO 3 solution, and 15 times pulse sample in the low frequency region of minimum phase angle close to 0 degrees, indicating that this specimen of the oxide film may be subject to corrosion and corrosion efficiency greatly reduced. However, the near capacitive behavior hardly appeared in the initial sample, suggesting that the oxide film on the irradiated sample surfaces can maintain its characteristic response over a longer period of time [16] is the largest among all the tested samples, and the capacitance arc diameter of 15-plused sample is the smallest. In general, the greater the diameter of the capacitor arc, the ability of the material to suppress the electron loss of electrons is stronger, the stronger the corrosion resistance. In summary, it can be inferred that after the high current pulse electron beam treatment of the sample, the corrosion resistance of 5-pulsed samples are best, and the 15-pulsed sample's corrosion resistance is lower than the initial sample. Figure 8 shows different pulse number of samples of the polarization curve, analyzing the curves using the Tafel extrapolation method, can be calculated from the corrosion potential (Ecorr) and corrosion current density icorr, show in Table 2 . The free 
Conclusions
In this paper, the phase composition, surface morphology and properties of pure zirconium were studied by pulse electron beam treatment, and the changes of surface morphology and properties were obtained: 1) After pulsed electron beam treatment, zirconium metal surface showing folds wave morphology, and with the increase number of pulses, sample surface morphology tended to be smooth. XRD results showed that after the electron beam treatment, the diffraction peak width becomes wider, and the angle of the whole shift to the right, it
shows that the grain is refined, and the crystal plane spacing becomes smaller.
2) With the increase of pulses, surface hardness increased gradually. Fine grain strengthening, martensitic phase trans-formation strengthening and deformation twins play a significant role in increasing the surface hardness.
3) Hardness test results show that the surface hardness of samples after two different numbers pulses processing has improved significantly, of which 5 times pulse processing is 1.2 times of that of the matrix, and 15 times pulse processing is 2.6 times of that of the matrix. And under the same load different number pulses, the cross section of the test specimen hardness distribution fluctuations larger, within the range of hundreds of microns are increased the microhardness, of which 15 pulses, the hardness can be significantly improved. This is mainly played the role of strong electron beam treatment after grain refinement.
4) Electrochemical testing results indicate that the impedance value and phase angle of 5-pulsed sample is biggest, indicating that the near capacitive behavior of 5-pulsed sample are best; and the corrosion potential of 5-pulsed sample larger than the initial sample, and the corrosion current density dropped to about 1/3 of the initial sample.
Therefore, 5-pulsedsample owned the best corrosion resistance.
